In this article, we will discuss the pathophysiology of peripheral nerve injury in anaesthetic practice, including factors which increase the susceptibility of nerves to damage. We will describe a practical and evidence-based approach to the management of suspected peripheral nerve injury and will go on to discuss major nerve injury patterns relating to intra-operative positioning and to peripheral nerve blockade. We will review the evidence surrounding particular strategies to reduce the incidence of peripheral nerve injury during nerve blockade, including nerve localisation methods, timing of blocks, needle techniques and design, injection pressure-monitoring and local anaesthetic and adjunct choice. 
Peripheral nerve injury during the peri-operative period can occur when a nerve is subjected to stretch, compression, hypoperfusion, direct trauma, exposure to neurotoxic material or a combination of these factors [1, 2] .
In many cases, no clear aetiology for nerve injury is apparent [3, 4] . The shared pathophysiological precipitant of these injuries is often nerve hypoperfusion and consequent ischaemia due to physical disruption of the vasa nervorum, intraneural haemorrhage and/or endoneural oedema [5] . These result in a spectrum of histological neural abnormalities ranging from impaired axoplasmic transport, axonal degeneration, Schwann cell damage, myelin destruction, segmental demyelination and complete Wallerian degeneration [6] [7] [8] . Depending on the severity and duration of the ischaemic insult, either temporary or permanent disruption to nerve impulse transmission can result. There is a loose relationship between the severity of the original pathophysiological mechanism, degree of nerve ischaemia and subsequent clinical presentation, although in an animal model of compression injury, the degree of histological nerve damage has been correlated with the degree and duration of compression [8] .
Established peripheral neuropathy, pre-existing (but subclinical) peripheral neuropathy, profound hypothermia, hypovolaemia, hypotension, hypoxaemia, electrolyte disorders, malnutrition, small or large body mass index (BMI), tobacco use and anatomical variants (such as the presence of cervical ribs) may increase the susceptibility of peripheral nerves to peri-operative injury [9] [10] [11] [12] [13] [14] . Procedural risk factors, such as surgical duration and patient positioning under anaesthesia, are discussed below. A separate abnormality along the course of a nerve is thought to reduce the threshold at which another lesion will produce a clinically manifest nerve injury, known as the 'doublecrush' phenomenon [15] .
Presentation and management of peripheral nerve injury
Anaesthetists, and their patients, are often unaware of the presence of a peripheral nerve injury in the days and weeks following anaesthesia, since this period is often characterised by the presence of residual anaesthetic agents, postsurgical pain, strong analgesic regimens and a focus on recovery to pre-operative functional levels. Nerve injury may only become apparent days or weeks after anaesthesia/surgery, although many patients are aware of abnormal pain, weakness or sensation immediately following anaesthesia.
Acute mononeuropathy demands urgent investigation, and patients' concerns regarding motor or sensory abnormalities should be escalated immediately to an experienced anaesthetist, who should synthesise the history and examination findings to determine whether onward referral and investigation is warranted. Patients may present with impaired power or altered sensation (or both). Altered sensation often manifests as paraesthesia, pain or persistent anaesthesia.
The commonest differential diagnoses to consider in cases where peripheral nerve injury during anaesthesia is suspected are as follows: peripheral neuropathy due to diabetes mellitus; alcohol; hypothyroidism or nutritional deficiency; myelopathy; radiculopathy; spinal cord trauma or infarction; and muscle disease. The prevalence of pre-existing peripheral neuropathy should not be underestimated; this is present in 2-8% of the general population [16] , increasing to 26% of patients with type-2 diabetes mellitus [17] and 58% of patients with established type-1 diabetes mellitus [18] .
An anaesthetist presented with a suspected perioperative peripheral nerve injury should document a history of the symptoms, systemic examination and motor and sensory examination of all four limbs and the cranial nerves. Blood investigations (full blood count, renal function, liver function, erythrocyte sedimentation rate, blood glucose, vitamin B12 and thyroid stimulating hormone) should be requested.
The further investigation of potential causes of nerve injury should be led by a neurologist and neurophysiologist; this may include: targeted serum and plasma analysis; nerve conduction studies; electromyography; magnetic resonance imaging (MRI); and nerve biopsy [19, 20] . There can be a period of up to 2 weeks from the time of injury before neuronal degeneration is complete; consequently, nerve conduction studies and electromyography can give falsely reassuring results in this period [21] , and are often postponed until approximately 2 weeks after the putative injury. The confirmed presence of a peripheral nerve injury following anaesthesia should trigger further investigation seeking underlying, but previously undiagnosed, disease processes such as diabetes mellitus.
If the diagnosis points towards a nerve injury occurring during the peri-operative period, then it is important to recognise that injury during anaesthesia is not the same as injury caused by anaesthesia (or the anaesthetist); the most severe peri-operative nerve injuries are often associated with surgical incision/retraction, rather than anaesthetic technique or patient positioning [22] .
The management of nerve injury following anaesthesia has three aims: first, to correct the underlying pathology; second, to alleviate symptoms; and third, to support, reassure and inform the patient. In the case of peripheral nerve injury due to compression of the vasa nervorum by haematoma, urgent surgical decompression may be indicated. An acute presentation of pain or swelling at a specific site along the course of a peripheral nerve, together with distal neuropathy, should alert the clinician to this possibility. Imaging of the affected part might reveal compression, whether by haematoma, oedema or fibrous tissue, and computed tomographic (CT) scanning is commonly performed. In most cases, no surgical remedial action can be taken to correct the underlying pathology, and the patient can be offered only symptom-relieving and supportive treatment. This can take the form of physiotherapy and orthotic measures such as foot care, splints, and limb supports to assist with disability, as well as pharmacological treatment for neuropathic pain. Later referral for consideration of peripheral nerve (decompressive) surgery may be made after local consultation with plastic surgery or neurosurgical colleagues. International guidelines recommend surgical referral in cases of nerve injury with severe axonal loss on electromyography with no recovery at 3-6 months [23] .
Peripheral nerve injury related to patient position
The injury of peripheral nerves as a result of incorrect/ incautious patient positioning is an avoidable complication of anaesthesia. Anaesthetists should be watchful of nerve injury due to positioning in patients undergoing sedation, regional or general anaesthesia; each technique brings risk to insensate and malpositioned body parts [3, 24, 25] . Safe positioning for surgery requires careful planning, communication and compromise between surgical, anaesthetic and nursing staff. The anaesthetist must be vigilant during initial positioning for surgery and during the course of the operation, when deliberate or accidental movement and repositioning of the patient may lead to injury. The long duration of some surgical procedures undertaken in high-risk positions (e.g. laparoscopic or robot-assisted surgery in the lithotomy position) makes it prudent to set limits on the amount of time patients can be maintained in a particular position. When these limits are reached, patients should be placed in a neutral (non-injurious) respite position before being repositioned for continuing surgery; the appropriate duration of the respite is unclear, but we recommend a minimum of 10 min, with > 15 min being preferable. Such position respites are likely to reduce the incidence of peripheral nerve injury and compartment syndrome.
Nerves as disparate as the radial [26] , median [27] , musculocutaneous [28] , axillary [29] , phrenic [30] , supra-orbital [31] , facial [32] , lingual [33] , buccal [33] , hypoglossal [34] , recurrent laryngeal [35] , pudendal [36] , dorsal penile [37] , femoral [38] , lateral cutaneous [39] , sciatic [40] and tibial [41] have been injured due to intra-operative patient or equipment positioning. The ulnar nerve, brachial plexus and common peroneal nerve are anatomically most vulnerable to injury due to intra-operative positioning, and will each be addressed below.
Ulnar nerve injury
Prospective studies of peri-operative ulnar nerve injury indicate an incidence of 1:215 to 1:385 [12, 42] . In addition to the predisposing factors listed above, the ulnar nerve is particularly vulnerable to damage in males subjected to prolonged supine positioning. Men have less adipose tissue around the cubital tunnel and a more prominent coronoid tubercle compared with women, which may explain the 3:1 gender imbalance in the presentation of the condition [2] . There is evidence that the majority of ulnar nerve injuries occur in patients with pre-operative subclinical abnormalities of ulnar nerve conduction [43] ; postinjury neurophysiological testing of the contralateral nerve will often indicate a previously undiagnosed defect in ulnar nerve conduction.
Ulnar nerve injury presents typically with pain, paraesthesia or weakness in the distribution of the ulnar nerve during the early postoperative period; it is important to document the timing of symptom-onset since this has medicolegal implications [42] . In the case of suspected ulnar nerve injury, patients should be informed that in around half of cases, ulnar nerve function recovers within 6 weeks; however, the remaining 50% are likely to remain impaired at 2 years [42] .
Recommendations to reduce the risk of ulnar nerve injury during anaesthesia include avoidance of full elbow extension with forearm pronation [44] , avoidance of > 90°elbow flexion [45] and > 90°s houlder abduction [5] , and placement of the noninvasive blood pressure cuff so that it does not overly the cubital tunnel above the elbow [46] . It has been argued that the 'hands on chest' position (with elbows flexed and resting on the operating table) might predispose to ulnar nerve injury, and it, thus, seems sensible to keep the arms at the sides unless otherwise indicated. Soft external padding at the cubital tunnel protects the nerve from compression at this vulnerable site [47] , and neutral forearm position when the shoulders are adducted minimises cubital tunnel pressure [48] .
Brachial plexus injury
Brachial plexus injury due to patient positioning may be categorised as either injury to the upper/middle or lower trunk of the plexus. Lower trunk injury complicates up to 1:20 cardiac surgical cases [10] when traction of the first rib against the lower plexus during median sternotomy often results in sensory impairment in the distribution of the ulnar nerve [43] . The lower trunks are also most at risk of injury during prolonged and/or excessive shoulder abduction (i.e. more than 90°, or even at smaller angles for a prolonged period). It is contended that the lower trunk is further placed at risk by the arms being placed below the height of the torso and by contralateral head rotation [21] . Upper and middle trunk injury usually manifests with motor deficit in the C5/C6 myotomes, often without sensory impairment. The clinical picture commonly includes weakness of shoulder abduction and elbow flexion. Such injuries have been seen following surgery in the supine, lateral decubitus, Trendelenburg and prone positions [49] and have an overall incidence of approximately one in 2000 [50] . The upper trunk is most at risk of stretch during prolonged and excessive shoulder depression (e.g. by shoulder braces during head-down positioning) and may be exacerbated by contralateral neck flexion.
Regardless of patient position, the prevention of shoulder abduction to more than 90°and avoidance of contralateral neck rotation/flexion are reasonable and practical measures to reduce plexus stretch and plexus compression by the humeral head and clavicle [21] . In the supine position, arm boards should be secured level with the patient in the horizontal plane, to avoid shoulder extension and plexus stretch [21] . In the Trendelenburg position, shoulder padding should distribute pressure evenly across the widest possible area to avoid plexus impingement and compression into the supraclavicular fossa should be avoided.
The prognosis following brachial plexus injury during anaesthesia is generally positive. A retrospective study of 22 plexus injuries following general anaesthesia showed full recovery in 82% of patients and substantial recovery in the remaining group, with better prognosis for lower trunk injury compared with upper/middle trunk injuries [51] .
The rare syndrome of brachial plexus neuritis is characterised by pain, weakness and atrophy in the distribution of the brachial plexus, commonly following mechanical trauma. It has idiopathic and inherited forms, although they manifest in similar ways and are both mediated by abnormal immune responses to injuries to the plexus. Treatment is supportive, although some evidence exists that corticosteroids may positively influence the natural history of the condition [52] . Brachial plexus injury arising despite apparent best practice during anaesthesia has been attributed to brachial neuritis.
Common peroneal nerve injury
Common peroneal nerve injury may cause weakness in ankle eversion and dorsiflexion and sensory disturbance in the dorsal foot. Although most feared as a consequence of lithotomy positioning (via compression of the nerve against the fibular head), it has been described in the lateral [53] and sitting [54] positions. It is well described as a complication of knee surgery, particularly joint replacement surgery. A study reviewing 198,461 consecutive patients placed in the lithotomy position revealed an incidence of common peroneal nerve injury (of > three-month duration) of 1:4615 [40] . Half of the injured patients made a substantial recovery at one year. In the study's case-controlled, multivariate analysis, the risk of lower limb nerve injury was greatest in patients of low BMI, smokers and when the lithotomy position was maintained for more than 4 h.
To protect against nerve injury (and compartment syndrome) during prolonged lithotomy positioning, it seems prudent to: (1) provide position respites for the patient's legs (e.g. 15 min every 3 h or sooner); (2) check that leg supports are not excessively compressing the calves; and (3) ensure that the site at which the common peroneal nerve is most vulnerable (around the head of the fibula) is free from external pressure [21] .
Consent for patient positioning with respect to the risk of peripheral nerve injury
Given the legal and professional framework for patient consent for anaesthesia [55] , it seems prudent to consider the possibility of nerve injury due to patient positioning as a 'material risk' [56] . This pre-anaesthesia discussion should be thorough and should address position-related risks if patient or surgical factors are likely to lead to an increased risk of nerve injury; alternatively, the risk might be addressed specifically if the patient would be expected to attach particular significance to it (e.g. a lower limb nerve injury in a professional football player). Pre-existing peripheral neuropathy should alert the anaesthetist to perform, and document, a pre-operative neurological examination, since nerve injury during anaesthesia is more prevalent in this group, and postoperative change from pre-operative state is vitally important in attributing causation. Anaesthetic departments should be encouraged to integrate written information regarding the risks of position-related nerve injury [57] into their elective pre-operative patient pathway.
Peripheral nerve injury related to peripheral nerve blockade
The mechanism of nerve injuries apparent following peripheral nerve block is incompletely understood but has been subject to recent, comprehensive review [58] . Intraneural, intrafascicular needle trauma and injection of local anaesthetic have been shown in animal models to be more damaging to nerve micro-architecture than intraneural extrafascicular injection, which is more damaging, in turn, than entirely extraneural injection [59] . Even without neuronal compression by intraneural injection, disruption of the protective perineurium covering the fascicle by intrafascicular injection may expose axons to inflammatory processes, local anaesthetic-induced toxicity and harmful direct mechanical damage. There can be no doubt that intraneural injection should be avoided [60] .
Unfortunately, even experienced anaesthetists have been shown to be unable to reliably keep the needletip outside the structure of the nerve when performing peripheral nerve blockade using ultrasound guidance [61] . The precise delineation of endoneurium, perineurium and epineurium is impossible with ultrasound alone due to the limitations of resolution, and it is, thus, of some reassurance that intentional intraneural, extrafascicular (so-called subepineural) injections do not invariably lead to clinical nerve injury. Intentional intraneural needling is not recommended by international guidelines [23] . Regardless of the needletip location in relation to the fascicle, damage to nerve vasculature by incautious needling can result in bleeding and micro-haematoma formation, with subsequent nerve ischaemia [23] ; this should be avoided.
Large retrospective reviews have demonstrated that postoperative neurological symptoms are independently linked to patient and surgical risk factors, but not to peripheral nerve blockade itself [14, [62] [63] [64] . In particular, neuropathy associated with prolonged application of a high-pressure pneumatic tourniquet may be confused with a nerve injury relating to peripheral nerve blockade. Tourniquets should be inflated to the minimum pressure required to provide an advantageous surgical field and do not need to be inflated to any more than the patient's systolic blood pressure plus 100 mmHg (when applied to the upper arm) or 150 mmHg (when applied to the thigh). Limits for inflation pressures and times should be tailored to individual patients, but in general, the tourniquet should be deflated (for 10-15 min) after 2 h (or sooner) to allow limb reperfusion.
Whether peripheral nerve blockade can delay the diagnosis of acute compartment syndrome following musculoskeletal trauma of any cause is unclear [65] , with the current literature being too limited to draw evidence-based recommendations. Patient-controlled analgesia, peripheral nerve blocks and epidural analgesia have all be implicated as possible causes of delayed diagnosis of acute compartment syndrome in case reports [66] , but examination of these reports often yields alternative explanations (inadequate patient monitoring, absence of compartment pressure manometry and failures in team decision making) for diagnostic delay [67] . The use of low concentration peripheral nerve blocks, in adequately monitored patients, and with the agreement of surgical colleagues, are prerequisites for safe peripheral nerve blockade in patients deemed at risk of acute compartment syndrome.
Several potentially modifiable anaesthetic factors may influence the likelihood of nerve injury following peripheral nerve blockade. These include: nerve localisation technique; block timing in relation to general anaesthesia; needling technique; needle design; injection pressure; choice of local anaesthetic agent; and use of adjuncts. These are addressed in turn below.
Nerve localisation methods
No nerve localisation technique during needling (i.e. ultrasound guidance, nerve stimulation, elicited paraesthesia) has been demonstrated scientifically to be superior in terms of reducing the risk of nerve injury following peripheral nerve blockade in clinical trials [68] [69] [70] . Peripheral nerve stimulation has a 75% chance to detect needle-to-nerve contact confirmed on ultrasonography [71] , with motor response to currents of 0.2 mA or less reliably indicating intraneural placement of the needle [72] . Paraesthesia elicited by needle advancement has only a 38% chance of detecting needle-to-nerve contact [71] and cannot be relied upon to indicate intraneural placement. Paraesthesia or pain during needling or injection should alert the anaesthetist to cease needle advancement and/or injection and to reposition the needle. A large prospective survey of postoperative nerve injury identified four serious neurological injuries following 21,778 peripheral nerve blocks, but found that in each case, the injury was preceded by either paraesthesia on needling or pain on injection [73] . Smaller studies have confirmed the empirical impression of the majority of anaesthetists, namely that transient paraesthesia during nerve block by no means inevitably results in subsequent, detectable nerve injury [74] .
Although the current scientific literature suggests clinical equipoise in relation to nerve localisation techniques and nerve injury, there is an inevitable interval for current clinical practice to be reflected in the largescale studies needed to demonstrate outcome benefit in relation to nerve injury. As ultrasound skills become more embedded in the anaesthetic profession, the image quality of ultrasound machines continues to improve, and our understanding of the relationship between nerve histology, injection sites and nerve injury advances, it seems likely that evidence will be produced to recommend ultrasound guidance as the preferred nerve localisation technique. This, as well as other clinical advantages which recommend its use [75] , means that ultrasound guidance is the authors' choice for nerve localisation in peripheral nerve blockade.
Timing of peripheral nerve block
There is insufficient evidence to conclude whether performing peripheral nerve blocks in awake, sedated, or unconscious patients affects the risk of nerve injury, [76] and there is substantial variation in clinical practice in this regard. The main concern with performing peripheral nerve blockade in patients under general anaesthesia or deep sedation is that patients are prevented from being able to communicate pain/paraesthesia during the block's performance. Although paraesthesia probably lacks sensitivity and specificity as a warning of nerve injury, many anaesthetists (including the authors of this review) choose routinely to perform blocks in conscious patients, where possible; indeed, our experience is that patients very seldom find the experience of peripheral nerve blockade in any way unpleasant. In certain circumstances (e.g. paediatric practice, patients with movement disorders or developmental delay), the risk of unintended patient movement or the inability of the patient to communicate paraesthesia even when awake means that performing blocks under general anaesthesia or deep sedation is preferable [76] .
Needling techniques and needle design
Direct trauma to nerve fascicles during needling accounts for a proportion of nerve injuries following peripheral nerve blockade. In an animal model, needles with 45°('short') bevel angles produce less frequent fascicular damage than needles with 14°('long') bevels [77] . This may be because the nerve fascicle rolls away from a short-bevel needle, rather than being impaled by a long-bevel (sharp) point, and because a short bevel elicits paraesthesia, signifying impending nerve damage, sooner than a cutting, long-bevel needle. When fascicle impalement does occur, again in animal models, the consequent histological nerve injury is more severe with a short-bevel, compared with a longbevel needle [77, 78] . Although experimental evidence of their impact on nerve injury frequency or severity in humans is lacking, most peripheral nerve blocks are undertaken with short-bevel ('non-cutting') needles.
During ultrasound-guided regional anaesthesia, any combination of short-axis or long-axis nerve views and in-plane or out-of-plane needling can be used, depending on anatomy, equipment and operator preference. Data to support the use of one particular technique over another with regard to nerve injury following peripheral nerve blockade are (unsurprisingly) lacking. The authors of this review prefer shortaxis, in-plane needling for most peripheral nerve blocks, because, in our hands, it provides the most reliable way to visualise consistently the passage of the needle through tissue and the spread of local anaesthetic around a nerve. We do so in the hope of reducing the frequency of accidental, intrafascicular needle placement, but acknowledge that practitioners who are experienced in out-of-plane needle techniques are also able reliably to visualise needle position.
Injection pressure
High injection pressure (> 170 kPa/25 psi) in animal models indicates, with some reliability, intrafascicular needle-tip placement, whereas low injection pressures indicates extrafascicular needle-tip placement [79, 80] . A similar relationship between injection pressure and needle-to-nerve contact has been described in humans [81] , although the significance of needle-to-nerve contact, as opposed to fascicular penetration, is unclear.
Evidence demonstrating that anaesthetists are unreliable judges of injection pressure [82] has led to the development of in-line manometer devices to alert the operator if the injection pressure exceeds certain limits. Justification for their adoption, at present, comes from the animal models and using pressure monitoring for its negative predictive value, rather than direct evidence that it can reduce the incidence of intrafascicular injection, histological damage or clinical nerve injury in humans. Very high injection pressures can be easily, and inadvertently, generated with small volume syringes. It is pragmatic and reasonable, therefore, to use large volume syringes (i.e. preferably 20 ml or more) for peripheral nerve blockade since these make the requirement for greater force of injection more obvious.
Local anaesthetic choice and adjuncts
Clinical practice suggests that, in commercially available concentrations, local anaesthetics injected around peripheral nerves are extremely safe. However, the application of local anaesthetic to a nerve does result in microscopic nerve fibre injury and oedema in a concentration-dependent manner [83, 84] . This apparent neurotoxicity may be worse when local anaesthetics are used at high concentrations [83, 85] , for a prolonged duration [86] or when their injection is associated with physical trauma to the perineurium [87] . Local anaesthetics may, themselves, reduce neural blood flow whether injected into or outside the nerve fascicle and the addition of 1 in 200,000 adrenaline to local anaesthetic solutions reduces blood flow even further [88] . Such disruption to normal microcirculation may (potentially) cause ischaemic injury to the axon.
Dexmedetomidine, when combined with bupivacaine, does not appear to increase peripheral neuronal toxicity and may actually reduce it [89] . Similarly, the addition of typical clinical concentrations of either clonidine, buprenorphine or dexamethasone to perineural ropivacaine does not appear to result in neurotoxicity in an in vitro cell model [84] . In contrast, midazolam, even at low concentrations, was demonstrated to increase the neurotoxic effects of perineural ropivacaine [84] in the same model. Recent comprehensive reviews on the safety of adjuvants in combination with local anaesthetics in peripheral nerve blocks have recognised the limitations of such in vitro models and recognised that in vivo and human trials are required to improve our mechanistic and clinical understanding of adjuvant safety [90] .
Conclusion
The incidence of nerve injury following peripheral nerve blockade is difficult to define with accuracy; this should be communicated to patients considering peripheral nerve blockade. Relevant studies vary greatly in their methods, definitions and follow-up. Many studies that report postoperative neurological symptoms after peripheral nerve block have failed to establish nerve block as the source of injury. As a result, there is a wide range of incidences in the available literature [23] . A 2015 review article found that postoperative neurological symptoms suggestive of nerve injury after peripheral nerve blockade occur in 0-2.2% of patients at 3 months, 0-0.8% of patients at 6 months and 0-0.2% of patients at 1 year [23] . Clinicians should, as far as practicable, modify their advice regarding the expected incidence and severity of nerve injury following peripheral blockade to the individual patient presenting for surgery. Given the known higher incidence of postoperative nerve injury in patients with pre-existing neuropathy, the disclosure of risk/benefit and consent should reflect this. National guidelines have been published to help anaesthetists consent patients for peripheral nerve blockade [91] and patient information leaflets are freely available [92] .
